Paclitaxel (Taxol) and docetaxel (Taxotere) have been shown to inhibit angiogenesis at low concentrations that do not affect cancer cell proliferation. Here, we used rat aortic rings and human umbilical vein endothelial cells to evaluate the influence of their formulation vehicles Cremophor EL and polysorbate 80, as well as serum binding proteins on taxane-mediated antiangiogenesis. The data show that clinically relevant concentrations of the vehicles and binding proteins nullify the antiangiogenic activity of both taxanes. It is suggested that these agents may need to be used at much higher doses than anticipated for effective antiangiogenic chemotherapy.
Introduction
Inhibition of angiogenesis is being considered a promising treatment strategy for cancer. Amid the myriad of newly discovered angiogenesis inhibitors, Polverini and Novak (1) first reported the antiangiogenic property of the chemotherapeutic drugs mitoxantrone and bisantrene over a decade ago. Most cytotoxic anticancer agents have since been demonstrated to suppress angiogenesis (2) . Recently, low-dose and frequent administration of some of these drugs (e.g., cyclophosphamide, vinblastine, campthothecin, topotecan), known as antiangiogenic or metronomic chemotherapy, was shown to be effective against solid tumor growth in preclinical studies (3, 4) . Paclitaxel (Taxol) and docetaxel (Taxotere) are microtubule stabilizing drugs with clinical activity in the treatment of breast, ovarian, endometrial, prostate, and lung cancer (5) . In addition to their cytotoxicity against tumor cells, recent reports showed that taxanes also exhibit antiangiogenic properties when used at very low doses by inhibiting endothelial cell proliferation, migration, and tube formation (6Ϫ9). Cremophor EL (polyoxyethylene-glycerol triricinoleate 35) and polysorbate 80 (Tween 80; polyoxyethylene-sorbitan-20-monooleate) are nonionic surfactants used as formulation vehicles for many antineoplastic drugs including paclitaxel and docetaxel, respectively. It is well documented that these vehicles have intrinsic biological and pharmacological activities. For instance, Cremophor EL has been shown to alter bone marrow cellularity and to increase hematopoietic progenitor cells (10) . Drori et al. (11) demonstrated that Tween 80 alters membrane fluidity and increases membrane permeability. Tumor growth inhibition by Tween 80 was reported in mice (12, 13) . Furthermore, the ability of both vehicles to form micelles leads to drug entrapment, significantly altering the disposition of the formulated drugs (14, 15) . The current study examined the influence of Cremophor EL and Tween 80, as well as binding proteins, on angiogenesis inhibition by paclitaxel and docetaxel.
Materials and Methods
Rat Aortic Ring Assay. Twelve-well tissue culture plates were coated with 250 l of Matrigel (Becton-Dickinson, Bedford, MA) and allowed to gel for 30 min at 37°C and 5% CO 2 . Thoracic aortas were excised from 8-to 10-week-old male Sprague Dawley rats. After removal of fibroadipose tissues, the aortas were cut into 1-mm-long cross-sections, placed on Matrigel-coated wells and covered with an additional 250 l of Matrigel. After the second layer of Matrigel had set, the rings were covered with EGM-II and incubated overnight at 37°C and 5% CO 2 . EGM-II consists of endothelial cell basal medium (EBM-II; Cambrex, Walkersville, MD) plus endothelial cell growth factors provided as the EGM-II Bulletkit (Cambrex). The culture medium was subsequently changed to EBM-II supplemented with 2% fetal bovine serum, 0.25 g/ml amphotericin B, and 10 g/ml gentamicin. To test whether formulation vehicles alone would influence angiogenesis, aortic rings were treated with EBM-II containing 0.01Ϫ0.5% (0.1Ϫ5 l/ml) of Cremophor EL (Sigma, St. Louis, MO) or Tween 80 (Sigma) for 4 days and photographed on the fifth day using a ϫ2.5 objective. In a second series of experiments, aortic rings were treated with EBM-II or human serum containing 0.5% DMSO, 0.05% Cremophor EL, 0.05% Tween 80, paclitaxel (0.5Ϫ4 nM) solubilized in DMSO or Cremophor EL, or docetaxel (0.01Ϫ1 nM) solubilized in DMSO or Tween 80 for 4 days and photographed on the fifth day as described above. Human serum used in all of the experiments was prepared by mixing fresh donor and commercial (Gemini Bioproducts, Woodland, CA) serum to yield reasonably good microvessel outgrowth (16) . The concentrations of paclitaxel and docetaxel were selected with reference to previous publications (7, 9) . Carboxyamidotriazole, a known antiangiogenic agent, was used at higher than clinically achievable concentration (12 g/ml in EBM-II and 60 g/ml in serum) as positive control. Experiments were repeated four times using aortas from four different rats. The area of angiogenic sprouting, reported in square pixels, was quantified using Adobe Photoshop.
Endothelial Cell Proliferation Assay. Human umbilical vein endothelial cells (HUVECs; Cambrex) were maintained in EGM-II at 37°C and 5% CO 2 . HUVECs were seeded onto 12-well plates at a density of 30,000 cells/well and were allowed to attach overnight. The culture medium was then aspirated, and fresh culture medium containing 0.5% DMSO, 0.05% Tween 80, 0.05% Cremophor EL, paclitaxel (0.5Ϫ4 nM) dissolved in DMSO or Cremophor EL, or docetaxel (0.01Ϫ1 nM) dissolved in DMSO or Tween 80 was added to each well. After 48 h, cells were trypsinized and counted with a Coulter Z1 counter (Coulter Corp., Hialeah, FL). All experiments were repeated three times.
Statistics. All of the results were presented as mean Ϯ SE. Comparisons were made with Kruskal-Wallis one-way ANOVA on ranks, followed by Dunn's test with P Ͻ 0.05 as the criterion for statistical significance.
Results

Effects of Formulation Vehicles on Rat Aortic Angiogenesis.
Cremophor EL significantly inhibited angiogenesis by greater than 80% at concentrations Ն1 l/ml (0.1%; Fig. 1, C-F) relative to the EBM-II control (Fig. 1A ). Significant inhibition of microvessel outgrowth by Tween 80 was not observed until the concentration reached 5 l/ml (0.5%; Fig. 1, G-J) .
Interference of Taxane-Mediated Antiangiogenesis by Formulation Vehicles. As shown in Fig. 2A , paclitaxel in DMSO inhibited microvessel outgrowth in a concentration-dependent manner relative to the DMSO vehicle control, reaching statistical significance at 4 nM (ϳ55% inhibition). However, the antiangiogenic effect of similar concentrations of paclitaxel disappeared when the drug was solubilized in Cremophor EL ( Fig. 2A) . Docetaxel in DMSO significantly blocked angiogenesis compared with the DMSO control at much lower concentrations, with ϳ80% inhibition observed at only 1 nM (Fig. 2B) . Similar concentrations of docetaxel in Tween 80 failed to inhibit microvessel outgrowth relative to the Tween 80 vehicle control. DMSO (0.5%), Cremophor EL (0.05%), and Tween 80 (0.05%) alone, used as vehicle controls, had no effect on angiogenesis compared with EBM-II (Fig. 2, A and B) .
HUVEC Proliferation in Response to Taxanes in the Absence and Presence of Formulation Vehicles. HUVEC proliferation was significantly inhibited by paclitaxel in DMSO, with ϳ36% reduction at 4 nM compared with the DMSO control (Fig. 3A) . Docetaxel in DMSO significantly decreased HUVEC proliferation in a concentration-dependent fashion, with ϳ55% inhibition at only 1 nM (Fig. 3B) . However, the antiproliferative activity of paclitaxel and docetaxel was completely lost in the presence of Cremophor EL and Tween 80, respectively, relative to the corresponding vehicle control (Fig. 3, A  and B) . DMSO (0.5%), Cremophor EL (0.05%), and Tween 80 (0.05%) alone, used as vehicle controls, did not affect HUVEC proliferation compared with culture medium alone (data not shown).
Effects of Binding Proteins on Taxane-Mediated Antiangiogenesis. In human serum, the antiangiogenic activity of paclitaxel (0.5Ϫ4 nM) in DMSO previously observed in EBM-II was no longer evident (Fig. 4A) . On the contrary, docetaxel (0.01Ϫ1 nM) in DMSO retained its antiangiogenic activity in human serum with 56% inhibition at 1 nM (Fig. 4B) , similar to that in EBM-II. Both paclitaxel and docetaxel failed to inhibit microvessel outgrowth when solubilized in Cremophor EL and Tween 80, respectively, compared with their respective vehicle controls (Fig. 4, A and B) . DMSO (0.5%), Cremophor EL (0.05%), and Tween 80 (0.05%) alone, used as vehicle controls, had no effect on angiogenesis compared with serum (Fig. 4, A and B) .
Discussion
Our results demonstrate that the antiangiogenic property of taxanes can be significantly impaired by their formulation vehicles Cremophor EL and Tween 80, as well as serum binding proteins. Cremophor EL and Tween 80 are biologically active compounds the intrinsic activity of which has been shown to alter the disposition of solubilized (14) . We showed in the present study that Cremophor EL and Tween 80 cause significant inhibition of angiogenesis at Ն1 l/ml and Ն5 l/ml, respectively, both of which are clinically achievable concentrations. Loos et al. (15) previously indicated that the expected clinically relevant range for Tween 80 was 0.01-1 l/ml. Similarly, clinically relevant concentrations of Cremophor EL in patients receiving a 3-h i.v. infusion of paclitaxel at doses ranging from 100 to 225 mg/m 2 were shown to be 3.40Ϫ6.58 l/ml (17) . These reported concentrations of Cremophor EL and Tween 80 were based on the use of taxanes in cytotoxic chemotherapy. Antiangiogenic chemotherapy requires that antineoplastic agents like paclitaxel and docetaxel to be administered at much lower doses; the corresponding plasma concentrations of Cremophor EL and Tween 80 would likely be much lower and incapable of exerting any antiangiogenic effects by themselves. Furthermore, tumor delivery of Cremophor EL and Tween 80 was believed to be insignificant because of its extremely low volume of distribution (17) .
In the present study, paclitaxel (0.5Ϫ4 nM) and docetaxel (0.01Ϫ1 nM) in DMSO were observed to inhibit rat aortic angiogenesis and HUVEC proliferation, with the latter being more potent than the former, in accordance with previous findings (7, 9) . The presence of clinically relevant concentration (0.05% or 0.5 l/ml) of Cremophor EL and Tween 80 was shown to interfere with the antiangiogenic effects of paclitaxel and docetaxel, respectively. This can be attributed to the ability of these formulation vehicles to form micelles with a highly hydrophobic interior, leading to drug entrapment and, therefore, reduced cellular uptake (14, 18) .
Preclinical angiogenesis assays often use either serum-free or 2Ϫ10% fetal bovine serum culture conditions, which may underestimate protein binding effects. Indeed, it was previously demonstrated that the extent of angiogenesis inhibition by the polysulfonated naphthylurea suramin at 50 g/ml in human serum was markedly diminished compared with that in culture medium EBM-II (16) . Another antiangiogenic agent carboxyamidotriazole at 12 g/ml was shown to inhibit microvessel outgrowth almost completely in EBM-II (19) but only by Յ30% in human serum (16) . The impairment of taxanemediated inhibition of angiogenesis observed in the present study further indicates the significance of protein-drug interactions. However, it is unclear why docetaxel but not paclitaxel in DMSO retained its antiangiogenic activity. One would, in fact, expect the opposite because the in vitro binding of docetaxel to serum proteins (ϳ93% bound) was reported to be higher than that of paclitaxel (ϳ87% bound) in the absence of their respective formulation vehicles (15, . Not surprisingly, we also found that both taxanes solubilized in formulation vehicles failed to inhibit microvessel outgrowth in human serum. Previous findings demonstrated that the fractions of unbound paclitaxel and docetaxel in the presence of (0.5 l/ml) formulation vehicles and serum proteins decreased by Ͼ10% and increased by ϳ8%, respectively (15, 20) . It appears that such reported increase in unbound docetaxel was insufficient to restore angiogenesis inhibition seen in docetaxel in DMSO.
In conclusion, the data show that clinically relevant concentrations of formulation vehicles and binding proteins that are present in human serum significantly reduce the antiangiogenic activity of paclitaxel and docetaxel. This suggests that these agents and possibly several other anticancer drugs that are either formulated in Cremophor EL or Tween 80 or coadministered with taxanes in combination regimens may need to be used at much higher doses than anticipated to achieve effective antiangiogenic chemotherapy. In this case, the advantage of the lack of undesirable side effects associated with low-dose taxane regimens compared with conventional maximum-tolerated-dose chemotherapy may be compromised. Taxane formulations free of these excipients could potentially alleviate the problem. Indeed, ABI-007, a novel Cremophor EL-free, protein-stabilized, nanoparticle formulation of paclitaxel, has been recently reported to exhibit improved antitumor efficacy compared with the Cremophor EL-containing formulation in preclinical and clinical studies (21, 22) . It is proposed that consideration of potential antagonistic antitumor effects of drug formulation vehicles is urgently needed as an integral component of the preclinical development of any new investigational anticancer agent. Future studies will focus on the potential clinical significance of the present observations in addition to unraveling the underlying mechanistic basis.
